The behavioral effects of Transcranial Magnetic Stimulation (TMS) are often nonlinear; factors such as stimulation intensity and brain state can modulate the impact of TMS on observable behavior in qualitatively different manner. Here we propose a theoretical framework to account for these effects. In this model, there are distinct intensity ranges for facilitatory and suppressive effects of TMS -low intensities facilitate neural activity and behavior whereas high intensities induce suppression. The key feature of the model is that these ranges are shifted by changes in neural excitability: consequently, a TMS intensity, which normally induces suppression, can have a facilitatory effect if the stimulated neurons are being inhibited by ongoing task-related processes or preconditioning. For example, adaptation reduces excitability of adapted neurons; the outcome is that TMS intensities which inhibit non-adapted neurons induce a facilitation on adapted neural representations, leading to reversal of adaptation effects. In conventional "virtual lesion" paradigms, similar effects occur because neurons not involved in task-related processes are inhibited by the ongoing task. The resulting reduction in excitability can turn high intensity "inhibitory" TMS to low intensity "facilitatory" TMS for these neurons, and as taskrelated neuronal representations are in the inhibitory range, the outcome is a reduction in signal-to-noise ratio and behavioral impairment.
Introduction
The era of using transcranial magnetic stimulation (TMS) to study perceptual and cognitive functions began with the classic work of Amassian et al. (1989) who showed that applying TMS over the visual cortex impaired participants' ability to report briefly presented letters. Furthermore, in what was the earliest demonstration of the focality in TMS studies of visual perception, Amassian et al. (1989) demonstrated that when the coil was moved slightly laterally, most disrupted were letters that fell into the contralateral hemifield. This work was important for demonstrating how TMS can be used to study perceptual functions with an excellent temporal resolution and with a reasonable spatial specificity. But it was important also in another manner: it arguably defined our way of thinking about TMS as a disruptive tool -for inducing "virtual lesions". In other words, it paved the way for conceptualizing TMS as a "lesion" technique, with impairment as its default outcome. In this context, facilitations would not be expected -and when they have occurred, they have often been referred to as "paradoxical" (e.g. Fecteau, Pascual-Leone, & Théoret, 2006; Théoret, Kobayashi, Valero-Cabré, & Pascual-Leone, 2003) .
More recent studies have shown the situation to be much more complex and the view of TMS as a disruptive technique does not hold in a wide range of circumstances. Factors such as stimulation intensity, task difficulty and cognitive state can fundamentally change the nature of behavioral TMS effects (see e.g. de Graaf, Koivisto, Jacobs, & Sack, 2014; Romei, Thut, & Silvanto, 2016; Sandrini, Umiltà, & Rusconi, 2011, for reviews) . In this review we will briefly discuss how factors such as stimulation intensity and brain state can qualitatively modulate the direction of TMS effects. We will then provide a conceptualization of these effects which includes both standard and state-dependent TMS paradigms. Our discussion is focused on online TMS paradigms in which single-pulses or brief pulse trains are applied concurrently with the behavioral task; thus "offline" paradigms (such as theta burst or 1 Hz rTMS) which induce longer-lasting aftereffects are beyond the present discussion.
The importance of stimulation intensity in determining behavioral effects of TMS
with trigrams of randomly chosen letters, briefly presented at fixation. Single-pulses of TMS were applied over the calcarine cortex at time windows ranging from 0 and 200 ms after stimulus presentation. When TMS was applied 80-120 ms after stimulus onset, participants' ability to detect the letters was impaired. It is important to consider the parameters with which the effects were obtained: single pulses of TMS were applied over the occipital cortex at a high intensity, 90-100% of the maximum output of a Cadwell stimulator with a circular coil (2.2 T) (but note that the link to phosphene thresholds is unclear due to lack of phosphene induction in that study). Behaviorally, baseline performance was close to ceiling. The use of such parameters makes sense -when aiming to modulate behavior with TMS, it sounds reasonable to maximise the physical level of the stimulation, while having a reasonable high level of baseline performance. Subsequent literature on visual masking by TMS has shown that intensity indeed matters: the intensity level needed to impair the visual perception of external stimuli is relatively high, in comparison to phosphene threshold (PT) (e.g. Kammer, Puls, Erb, & Grodd, 2005; see Kammer, 2007a see Kammer, , 2007b de Graaf et al., 2014, for review) . Thus in general, the use of TMS in cognitive neuroscience has involved the use of relatively high threshold intensities (relative to PTs).
Common to the studies described above is the combination of high TMS intensity (relative to phosphene threshold) and high level of baseline performance. Interestingly, with lower intensities TMS has been shown to facilitate performance (e.g., Abrahamyan, Clifford, Arabzadeh, & Harris, 2011 , 2015 Schwarzkopf, Silvanto, & Rees, 2011) . In a study by Schwarzkopf et al. (2011) , participants were asked to perform a motion direction discrimination task which they were thresholded to perform at either low (60%) or high (85%) baseline level. Concurrently with stimulus onset, a TMS pulse train (three pulses at 10 Hz) was applied over V5/MT at different intensities. The key finding was that, whereas high intensity TMS impaired performance when baseline task performance was high, subthreshold stimulation facilitated motion discrimination when baseline was low. Facilitations by subthreshold TMS have also been found by a series of studies by Abrahamyan et al. (2011 Abrahamyan et al. ( , 2015 . In their 2011 study, single pulses of subthreshold TMS were applied over the early visual cortex (within the time window in which suprathreshold TMS impairs detection) while the contrast of test stimuli was varied using an adaptive staircase procedure. The results showed a increase in contrast sensitivity.
Nonlinear TMS effects as a function of brain state
Another example of nonlinear TMS phenomena comes from manipulations of brain states prior to TMS application. State-dependent paradigms differ from conventional "virtual" lesions in that, in the former, preconditioning is used to modify the activity state of neuronal populations before TMS is applied (see e.g. Romei et al., 2016; Siebner et al., 2004; Silvanto, Muggleton, & Walsh, 2008 ; for reviews). One such effect has been observed in studies in which participants are adapted to a specific visual attribute (such as colour or direction of motion) prior to the application of brief pulse trains of TMS. In adaptation, prolonged exposure to a sensory stimulus (such as colour, shape or motion) can lead to perceptual aftereffects in which perception is biased away from the exposed stimulus. For example, viewing a motion stimulus moving leftward can induce subsequently presented stationary stimulus to appear moving rightward. The central finding in these studies is that TMS abolishes or even reverses the impact of adaptation (e.g. Campana, Maniglia, & Pavan, 2013; Campana, Pavan, Maniglia, & Casco, 2011; Guzman-Lopez, Silvanto, & Seemungal, 2011; Silvanto, Muggleton, Cowey, & Walsh, 2007; Stewart, Battelli, Walsh, & Cowey, 1999; Théoret, Kobayashi, Ganis, Di Capua, & Pascual-Leone, 2002) . For example, in a study by Silvanto et al. (2007) , participants were adapted to a uniform red colour for 30 s, after which phosphenes were induced from the early visual cortex. Counterintuitively, the phosphenes took on the colour of the adapting stimulus. Similar results were obtained in a further experiment in which participants were adapted to a conjunction of orientation and colour; after adaptation, TMS reversed the adaptation effect such that detection of items identical to the adapter was superior to detection of items which differed from the adapter in both colour and orientation. Subsequent studies have found state-dependent effects in adaptation paradigms in a range of domains, including motion direction discrimination ; see also Campana, Cowey, & Walsh, 2002 , number processing (CohenKadosh, Muggleton, Silvanto,&Walsh, 2010; Renzi, Vecchi, Silvanto, & Cattaneo, 2011) , action observation (Cattaneo, Sandrini, & Schwarzbach, 2010; Jacquet & Avenanti, 2015) and emotion perception (Mazzoni, Jacobs, Venuti, Silvanto, & Cattaneo, 2017) . In addition to adaptation, preconditioning by priming has been used to induce similar effects (Ambrus, Dotzer, Schweinberger, & Kovács, 2017; Cattaneo, 2010; Cattaneo, Rota, Vecchi, & Silvanto, 2008; Cattaneo, Silvanto, Battelli, & Pascual-Leone, 2009; Mattavelli, Cattaneo, & Papagno, 2011) .
4. Why an explanation in terms of "noise" cannot account for TMS effects While TMS effects are generally described in terms of "interfering" or "disrupting" behavior, there have been attempts to explain its effects on behavior more mechanistically, in terms of inducing noise. The idea is that TMS indiscriminately activates neurons in a targeted region and in this manner adds noise to neural processing. This noise reduces the signal-to-noise ratio of the cognitive task under investigation and thus impairs performance (Miniussi, Harris, & Ruzzoli, 2013; Walsh & Pascual-Leone, 2003) . In this view, TMS intensity is equated to the amount of noise added to neural processing.
The noise model can explain some of the facilitations by TMS described above. An important aspect of "noise" is that it is not always detrimental to behavior -this depends on the amount of noise and initial signal strength. In systems with measurement threshold, the addition of low levels noise can in fact push weak subthreshold signals beyond the threshold, improving information transfer. This is known as stochastic resonance (Stocks, 2000) . The central concept is level of noise, as the signal is drowned when noise level is too high. This can explain the findings discussed above Schwarzkopf et al., 2011) where low intensity TMS had a facilitatory effect on motion discrimination when the baseline performance level was relatively low. In this view, low intensity TMS would be adding low levels of noise to a weak signal that is near threshold; this would push activation above threshold. When TMS intensity is increased, the level of noise drowns out the signal.
There are however critical limitations of the noise models. Firstly, they cannot explain various behavioral nonlinear TMS effects, for example those observed with adaptation. The key issue is that if TMS simply added random noise, there would be no circumstance in which TMS would reverse rather than merely reduce the impact of adaptation. However, such reversals are a key feature of TMS-adaptation effects (e.g. phosphenes taking on the colour of the adapting stimulus; Silvanto et al., 2007) . Even if more noise was added on the adapted neurons than non-adapted neurons (see more on this issue in the next paragraph), there would not be any circumstances in which the activation (or "signal") of the adapted neurons would surpass that of the non-adapted neurons. Rather, there would be a saturation of both neuronal populations.
A further issue relates to the neural plausibility of conceptualizing the impact of TMS merely as noise. An issue raised by various groups is that differential effects of TMS may reflect the saturation of activity among neurons that are already responding to other inputs (such as a sensory signal). For example, less active neurons may be more strongly excited by TMS than more active neurons (e.g. Ruzzoli et al., 2011; . But if this is the case, then TMS cannot be thought in terms of adding random noise, as "noise" by definition should be statistically independent of signal-induced activity. Thus view of TMS adding noise therefore appears to be too simplistic.
Below we propose a framework which differs from the "noise" models in that the impact of TMS is not indiscriminate; rather, the effect of a TMS pulse can differ greatly between neuronal populations, as a function of their neural excitability levels. The central idea in this model is that differences in excitability of neurons contributing to behavior play a key role in determining the behavioral outcome of TMS, due to nonlinear neural effects.
Explaining TMS effects in terms of facilitative and suppressive ranges of stimulation
The model is rooted in evidence from studies on the visual system. However, before discussing its details, it is important to address the issue of how neural and behavioral effects of TMS can be linked. It might be argued that care must be taken when linking neural activity to perception, with statements such as "TMS was used to suppress neural activity to impair behavior" problematic due to mixing different levels of explanation. However, we would argue that it is not inherently false to make this link, if sufficient information exists on the link between neural activity and behavior. Such links often exist for low-level visual functions where developing models of neural readout underlying behavior are more straightforward than for higher level cognitive functions. For example, visual motion direction discrimination can be explained in terms of firing rates of direction-selective neural populations of different tunings, with computations such as vector averaging and winnertakes-all determining the perceptual report (cf. Nichols & Newsome, 2002) . The key point is that there is a close link between neural activity level and behavior -allowing this link to be used to explain behavioral effects of TMS. Furthermore, because sufficiently is known regarding the neural effect of TMS in the visual cortex, the link between neural activity, its modulation by TMS, and behavior can be made.
To provide an example of this issue, let us consider the following argument in a hypothetical TMS study: "We hypothesised that suppression of V5/MT impairs motion perception". Is one allowed to make the link between the putative TMS-induced suppression and a behavioral impairment induced by TMS? In our view this is justifiable, because the relationship between neural activity and TMS on one hand, and neural activity and behavior on the other, are empirically supported. Specifically, there is evidence that 1 Hz rTMS suppresses neural activity and cortical excitability -this has been shown for example using phosphene thresholds (e.g., Boroojerdi, Prager, Muellbacher, & Cohen, 2000) . Thus the argument that V5/MT is suppressed by TMS is empirically supported. The second step involves the link between neuronal activity in V5/MT and motion perception, i.e. how the read-out of firing rate of V5/MT neurons underlies motion perception (Nichols & Newsome, 2002) . These two pieces of evidence allow the bridge between suppression of V5/MT activity and impairment in motion perception to be made. With respect to higher-level functions, this level of explanation might be more problematic, if no clear model exists of how the function arises, and the neural mechanisms underlying them have not been comprehensively mapped. For example, with respect to short-term memory, there is an ongoing debate on whether maintenance occurs via firing rate or synaptic mechanisms (e.g. Stokes, 2015) ; thus linking neural activity to behavior would be more questionable. By using the above logic -linking known neural effects to behavior, we construct a new model to explain behavioral effects of TMS. While motivated by adaptation effects, this model generalizes to behavioral effects in other paradigms, and importantly, generates new testable hypotheses and is therefore falsifiable. The model key aspects are detailed below.
Low intensity TMS facilitates early neural firing, higher intensity TMS suppresses it; the former effect is linked to facilitation of perception, the latter to impairment. Moliadze et al. (2003) investigated the impact of single pulse of TMS applied over the visual cortex by recording single-cell activity from cat's visual cortex. The key finding was that weak stimulation (< 50% of TMS intensity) caused an early facilitation of spontaneous and visually-induced activity up to 200 ms after TMS pulse, followed by a late inhibition. In turn, higher TMS intensities increasingly evoked an early suppression of activity for 100-200 ms which cancelled the early part of facilitation evoked with lower stimulus strengths. This was followed by a delayed, prolonged and increased facilitation (up to 500 ms) and terminated in inhibition.
While the pattern of neuronal activity induced by TMS appears complex, there are strong reasons to link the early component of the neural effect (i.e. facilitation by low intensity and suppression by high intensity stimulation, respectively) to behavioral findings. The early suppression has been linked to disruptive behavioral effects of TMS, as suprathreshold (relative to phosphene threshold) intensities are needed to induce impairments, as discussed above. The early suppressive period underlying behavioral effects of (high-intensity) TMS is also consistent with the timing of TMS-induced masking of visual information. Such masking effects (induced by applying TMS over V1/V2) typically occur when TMS is applied at time windows of 80-120 ms after target onset but not at later time windows (e.g., de Graaf et al., 2014; Kammer, 2007a Kammer, , 2007b , indicating that an early neural effect must underlie them. Thus both the timing-and intensity-dependency of TMSinduced visual masking link to the early suppression of neural activity reported by Moliadze et al. (2003) . In contrast, as discussed above, subthreshold TMS intensities applied within the TMS-masking time window can have a facilitatory impact on detection (cf. Abrahamyan et al., 2011 Abrahamyan et al., , 2015 Schwarzkopf et al., 2011) . Overall, the available evidence suggests that stimulation of visual regions below phosphene threshold level (i.e. low TMS intensity) facilitates both (early) neural activity and visual detection, whereas above threshold (i.e. high intensity) stimulation suppresses (early) neural activity and impairs behavior.
TMS impairs detection because excitability changes dissociate facilitatory/inhibitory ranges of neurons tuned to the target stimulus and those not tuned to target.
How do these distinct facilitatory and inhibitory ranges explain behavioral effects of TMS in conventional "virtual lesion" paradigms? This is shown in Fig. 1 . Again, an example can be made of motion perception. Let us consider an experiment where the participant is required to discriminate the direction of a motion stimulus. Motion-sensitive cortical regions contain distinct neuronal populations tuned to different motion directions; when a given motion direction is presented, neurons tuned to the stimulus are strongly activated by the visual stimulus, whereas the activity of neurons not tuned to the stimulus are inhibited by it (in top panel of Fig. 1 , the neurons which are selective for the presented stimulus are referred to as "neurons tuned to target", and those not selective for it are referred to as "neurons not tuned to target"). This activation difference (i.e. signal-to-noise ratio) underlies behavioral motion discrimination (see blue bars in the lower panels in Fig. 1 ). If TMS is applied at a sufficiently high intensity, as shown in Panel B (i.e. within the inhibitory range), neurons tuned to the target stimulus are inhibited by the TMS pulse. The key issue is that the effect of TMS on neurons not tuned to the target stimulus is different, as these are being inhibited by the target stimulus and are thus less excitable to TMS (e.g. Rust, Mante, Simoncelli, & Movshon, 2006) . This reduction of excitability is akin to reduction in TMS intensity -as the same level of stimulation has a weaker effect on neural activity. Thus for the neurons not tuned to the target the facilitatory and inhibitory ranges of TMS in Fig. 1 are shifted towards the right -higher intensities are needed to obtain the same neural effect. The consequence of this shift is that, with the TMS intensity shown in Panel B, neurons not tuned to the target are now in the facilitatory range whereas neurons tuned to the target are in the inhibitory range; thus the TMS effect on these neuronal populations has diverged. And as the activation level difference between these neuronal populations determines the signal strength (see bars with TMS coils above them in Panel B), what follows is a reduction in signal-to-noise ratio and the observer's sensitivity to the stimulus.
In summary, the outcome of the reduced excitability of neurons not tuned to the target stimulus is a shift in the facilitatory/inhibitory range of TMS effects for these neurons -higher TMS intensity is needed to obtain the same neural effect. The outcome is that the same TMS intensity (shown in Panel B), facilitates these neurons while suppresses neurons tuned to the target. This reduces or even reverses the activation difference between these neural populations which underlies perceptual sensitivity.
In contrast, with very low TMS intensities, a facilitation in stimulus detection can occur because neurons tuned to target stimulus are facilitated by the TMS pulse (i.e. they are in the low intensity facilitatory range) but the intensity is too low to activate neurons not tuned to the target stimulus, given the excitability reduction of the latter (see Panel A in Fig. 1 ). This results in an increase in the activation level difference of the two neuronal populations (see the bars marked with a TMS coil in panel A) and thus an increase in signal-to-noise ratio. However, when both populations of neurons are in facilitatory range (i.e. both fall within the green 1 region depicted in Fig. 1 ), no change in behavior is predicted -as the relative activity level of the two neuronal populations would not drastically change.
As adapted and non-adapted neurons have different profiles for facilitation and impairment, at certain TMS intensities former are facilitated and latter impaired: this reverses the impact of adaptation.
State-dependent paradigms differ from conventional "virtual" lesions in that, in the former, preconditioning is used to modify the activity state of neuronal populations before TMS is applied. One such approach is the use of adaptation to modify the excitability specific neural populations before application of TMS. When explaining TMSadaptation effects, the key aspect to consider is the impact of adaptation on neural activity and susceptibility to external input. Adaptation induces a change in the neuron's operating range (such as for contrast gain or sensitivity), with a stronger stimulus needed to induce a certain level of neural firing (Kohn & Movshon, 2003 , (e.g., Kohn, 2007 Solomon & Kohn, 2014) .). With respect to TMS, from this it follows that a higher TMS intensity is needed to induce firing in adapted neurons. Thus, the effect of adaptation for TMS-evoked responses is akin to turning down the TMS intensity -higher intensity is required to drive the neurons, due to reduced excitability.
The counterintuitive effects of TMS after state-dependent manipulations such as adaptation are explained in Fig. 2 . "Adapted neurons" here refer to neurons which are strongly activated by the adapting stimulus and thus their excitability has been reduced, as discussed above (for example, after viewing rightward motion for a prolonged period, neurons tuned to this motion direction would be "adapted" whereas neurons tuned to other motion directions would be nonadapted). As discussed above, facilitatory and inhibitory effects of TMS operate at distinct intensity levels. With relatively low intensities, facilitations are obtained; with higher intensities, TMS has a suppressive effect. The key issue is that adaptation shifts these ranges, with the profiles for adapted and non-adapted neurons becoming diverged. This occurs because adaptation reduces neural excitability -and consequently, higher TMS intensity is needed to obtain the same neural effect as without adaptation (hence rightward shift in the top panel of Fig. 2) . Therefore, when TMS is applied at an intensity which normally impairs behavior, for adapted neurons this intensity now falls within the facilitatory range, due to the lower excitability of these neurons (see Panel B). In contrast, the non-adapted neurons are still in the inhibitory range. The behavioral outcome is the reversal or abolishment of adaptation effects, a shown in panel B. Specifically, whereas without TMS the activity level of nonadapted neurons is higher than that of adapted neurons (a difference which underlies adaptation aftereffects), inhibition of former and facilitation of latter by the TMS pulse reverses this pattern.
An important point about this model is that the reversal/abolishment of adaptation is intensity-dependent. If TMS intensity is sufficiently low (see Panel A), one would observe an enhancement of adaptation effects. This would happen because the low intensity TMS would enhance the activity of nonadapted neurons, whereas the adapted neurons (due to their loss of excitability) would not be driven by the TMS pulse. An outcome is an increase in activation imbalance in favour of the nonadapted neurons. Thus if one were to parametrically vary TMS intensity, one would predict an enhancement of adaptation effects at the lowest intensities, a reversal of adaptation at intermediate intensities (i.e. with those generally used in TMS studies), and no effect on adaptation with highest intensities (as at highest intensities, both adapted and nonadapted neurons are suppressed and therefore their 
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A) B) C) Fig. 1 . A model of TMS effects in a standard detection paradigm when TMS is applied concurrently with the target stimulus. The top panel indicates the facilitatory and inhibitory ranges for neuronal populations which are either tuned to or not tuned to the target stimulus. Panels at the bottom indicate the relative activation levels between these neuronal populations which underlies stimulus detection. When presented with a target stimulus, neurons driven by that stimulus are strongly active, whereas those not tuned to it are inhibited and thus less excitable. This reduction in excitability shifts the facilitatory/ inhibitory range for non-tuned neurons to the right -as a higher TMS intensity is needed to activate them. At very low intensities, a facilitation in detection is expected, as neurons tuned to target are facilitated but intensity is too low to activate the inhibited neurons (see also Panel A at the bottom). Impairment of behavior occurs when neurons tuned to target stimulus are in the inhibitory range -the nature of the impairment depends on whether the inhibited neurons are in the facilitatory or inhibitory range (see Panels B and C).
relative activity levels are not changed).
Bringing together state-dependent and conventional TMS effects into a common framework. Fig. 3 brings together the effects in conventional and state-dependent paradigms. The unifying theme is divergence in neural excitability of neurons contributing to behavior and its effect on whether neurons fall into facilitatory or inhibitory range. Fundamentally, in all online TMS paradigms, the key issue is the susceptibility of the neuronal populations to be activated by TMS. In state-dependent paradigms, manipulations such as adaptation and priming modulate this susceptibility. In conventional "virtual lesion" paradigms, excitability changes are induced by incoming information depending on the selectivity for the target stimulus: as discussed above, neurons not tuned to a target stimulus may be inhibited, leading to a change in excitability. Behavioral outcome is thus determined by the excitability of the various neuronal populations contributing to neural readout.
Testing the model: predictions
A key feature of any useful model is that it gives rise to predictions which can be empirically tested. These predictions relate to the nature of effects found at different TMS intensities. Testing of these predictions Low (subthreshold) High (Suprathreshold) Fig. 2 . Explaining TMS-adaptation effects in terms of facilitatory and inhibitory ranges of TMS. Adaptation shifts the facilitatory and inhibitory ranges with respect of TMS intensity: following adaptation, when TMS is applied at an intensity at which non-adapted neurons are already in the inhibitory range, adapted neurons are still in the facilitatory range. Adaptation effects are reversed within this window (see panel B). In contrast, when TMS is applied at a lower intensity (see Panel A), an increase in the adaptation effect is predicted. This would happen because the low intensity TMS would enhance the activity of nonadapted neurons, whereas the adapted neurons (due to their loss of excitability) would not be driven by the TMS pulse. 
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Reduced excitability A) B) Fig. 3 . Changes in neural excitability shift the facilitatory/ inhibitory range of TMS effects. TMS effects thus vary as a function of the excitability state of the neuronal populations contributing to behavior. A consequence is that a given set of TMS parameters can induce different behavioral effects depending on neural excitability at the time of stimulation. Note that in the bottom panel, for the purpose of demonstrating the impact of TMS, neuronal activation level in the absence of TMS is equal in the three levels of excitability.
(This is not implausible as neural activation level and excitability are dissociable; e.g. Matthews, 1999.) requires a systematic assessment of TMS effect from low to high intensities.
(1) In conventional TMS paradigms, the model predicts that at the lowest subthreshold intensities, the neurons driven by a target stimulus are already in the facilitatory range whereas neurons not tuned to it are below the range where they can be facilitated (as they are inhibited by the target stimulus -this shifts the facilitatory/inhibitory ranges rightwards).
In this circumstance what we would see is a preferential activation of the "active" neurons shifting activation balance in favour of these neurons -the prediction is that target detection is facilitated. (2) At intermediate subthreshold intensities, when both populations of neurons are in facilitatory range, no change in behavior is predictedas the relative activity level of the two neuronal populations would not be greatly affected, due to both being in facilitatory range. (3) Impairment of target detection is obtained when neurons tuned to the target are in the inhibitory range. Interestingly, there is a stimulation window in which the neurons not tuned to the target are still in facilitatory range (see Panel B in Fig. 1 ), whereas at highest TMS intensities, both neuronal populations are in the inhibitory range (see Panel C in Fig. 1 ). We predict that these two intensities produce qualitatively different behavioral effects. Whereas in the former case, detection will be biased towards the features encoded by items not tuned to the target (as these are still in the facilitatory window), in the latter case there will be an inhibition of both neuronal populations. For this intensity, we would expect strongest behavioral effect in a task assessing the presence vs absence of motion, with TMS biasing responses towards the latter. (4) With respect to adaptation, reducing or increasing TMS intensity can lead to qualitative changes in adaptation effects. Reversal or abolishment of adaptation effects is only observed within the intensity range shown in Fig. 2 , i.e. when adapted neurons and nonadapted neurons are in facilitatory and inhibitory ranges, respectively. Thus if one were to parametrically vary TMS intensity, one would predict an enhancement of adaptation effects at the lowest subthreshold intensities, a reversal of adaptation at intermediate intensities (i.e. with those generally used in TMS studies), and no effect on adaptation with highest suprathreshold intensities (as at highest intensities, both adapted and nonadapted neurons are suppressed and therefore their relative activity levels are not changed).
Initial evidence for the model
The proposed model can explain not only the enhancements and impairments of perception observed in conventional TMS paradigms, but also the counterintuitive findings obtained with state-dependent manipulations, such as the reversal of adaptation and priming. To examine this issue further, we recently investigated (Silvanto, Bona, Cattaneo, in press) how state-dependent TMS effects depend on TMS intensity. We used a TMS-priming paradigm (see e.g. Cattaneo et al., 2008b) , in which a visual prime (colour grating) was followed by a target stimulus which could be either congruent or incongruent with the prime. When TMS was applied in the time window in which V1/V2 TMS has been most efficient in modulating visual perception, TMS facilitated the detection of incongruent stimuli while not significantly affecting other stimulus types -a pattern of result generally found in TMS-priming studies (see e.g. Cattaneo, Devlin, Salvini, Vecchi, & Silvanto 2010) . The key finding was that this effect was obtained only when TMS was applied at suprathreshold level (at 120% of phosphene threshold); subthreshold TMS (90% of PT) induced no effect.
In contrast, as discussed above, in the absence of state manipulations such as priming, it is subthreshold TMS rather than suprathreshold TMS which facilitates visual detection (e.g. Abrahamyan et al., 2011) .
Thus when priming was used, higher stimulation intensity was needed to induce the same perceptual effect on stimuli incongruent with the prime. This is likely to reflect reduced susceptibility to TMS of neurons incongruent with the prime, consistent with the view that priming, by reducing neural excitability to incongruent targets, shifted the facilitatory/inhibitory range of TMS effects.
Concluding remarks
In this review, our aim was to bring state-dependent TMS effects together with standard virtual lesion paradigms into a common theoretical framework. This model is based on the idea that TMS has facilitatory and inhibitory ranges of operation, as a function of stimulation intensity. Various TMS effects can be explained in terms of these ranges shifting as a function of differential changes in excitability of neurons contributing to behavior. Importantly, the model can be tested (and falsified) by systematically assessing the nature of TMS effects across different intensities.
